Background & Aims:
There is growing evidence that the interplay of genetic susceptibility and environmental factors leads to primary biliary cirrhosis (PBC). In particular, family members of an infected individual have up to a 100-fold higher risk of developing PBC. Although concordant rates for identical twins in other autoimmune diseases range between 25% and 50%, there are no such data on PBC. Accordingly, we evaluated the concordance of PBC in a genetically defined population of twin sets and evaluated the clinical characteristics between concordant subjects. Methods: We identified 16 pairs of twins within a 1400-family cohort followed up by several centers worldwide, evaluated the diagnosis of PBC in all individuals, and determined the zygosity of sets reported as identical by the analysis of 2 highly variable HLA class II regions and 5 short tandem repeats. Results: Eight of 16 sets of twins were monozygotic. In 5 of 8 monozygotic twin sets, both individuals had PBC (pairwise concordance rate, 0.63). Among the dizygotic twins (n ‫؍‬ 8), no set was found to be concordant for PBC. Interestingly, the age at onset of disease was similar in 4 of 5 concordant sets of monozygotic pairs; however, there were differences in natural history and disease severity. Conclusions: The concordance rate of PBC in identical twins is among the highest reported in autoimmunity. However, discordant pairs were identified. The data show not only the role of genetics but also emphasize that either epigenetic factors and/or environment play a critical role. P rimary biliary cirrhosis (PBC) is an autoimmune liver disease of unknown origin characterized by chronic inflammation and destruction of intrahepatic bile ducts, eventually leading to liver cirrhosis. 1 The prevalence of PBC varies in different geographic areas. 2, 3 Xenobiotics have been suggested as environmental factors in loss of tolerance, leading to autoimmunity. 4 Although a number of genetic factors have been suggested in population and family studies, no definitive genetic association with the development of the disease or its outcome has been found. 5 Disease concordance rates (CRs) (roughly defined as the proportion of affected pairs concordant for the disease) in monozygotic (MZ) (who are genetically identical but also share the environmental background) and dizygotic (DZ) (who share the environmental factors but not the genetic background) twin pairs are powerful tools to estimate the weight of genetic and environmental factors in the susceptibility to multifactorial diseases. In autoimmune diseases other than PBC, CRs in MZ twins vary widely (Table  1 ) and, with the exception of celiac disease, have been reported to be Ͻ0.50 in large cross-sectional studies. Data concerning PBC concordance in MZ twins are limited to 2 reports. In 1973, the case of twin sisters both with PBC was reported without ascertaining zygosity. 6 A more recent report described a pair of identical twins discordant for the disease, 7 although the monozygosity of the set has been debated 8 and the healthy twin was found to have low-titer antimitochondrial antibodies (AMA). In this study, we studied the CRs among 8 genetically proven MZ and 8 DZ twin sets.
Patients and Methods

Subjects
As part of a long-term effort, our laboratory has collaborated with tertiary referral centers as well as the PBCers, an Internet group of patients. This database includes information on the presence of twins within families that have at least one index case of PBC. At the time this study was initiated, we estimate that there were approximately 1400 families in the database; within this group, we requested information as to whether any sets of twins were present. The investigators involved contacted the twins directly to determine whether they were interested in participating in this study. Through this effort, we identified 16 twin sets in which a diagnosis of PBC was encountered. There were no twins who declined participation in the study. To confirm the diagnosis, a protocol explaining the nature of the study and internationally accepted criteria for the diagnosis of PBC 1 was required. There were 8 of 16 twin sets that were believed to be identical. There were 8 additional sets referred to us as being nonidentical, based on either different sex or previously obtained data. To verify the zygosity of those twins referred to us as identical, blood samples were obtained and studied as described below. Clinical data were also obtained. A definite or probable diagnosis of PBC was made when at least 2 of the 3 following criteria were fulfilled: serum AMA positivity at a titer greater than 1:40, elevated serum alkaline phosphatase level for longer than 6 months, and diagnostic liver histology. 9 AMA status was determined by indirect immunofluorescence on Hep-2 cell lines, and a titer greater than 1:40 was considered AMA positive. Liver biopsy was not performed in asymptomatic subjects not presenting other diagnostic criteria. This study protocol respected the ethical guidelines of the 1975 Declaration of Helsinki and subsequent modifications; all patients gave their written consent at the referring center.
DNA and Sera Isolation
Peripheral blood samples were obtained for DNA isolation in 10-mL tubes containing EDTA. Genomic DNA was obtained from peripheral blood lymphocytes using the Qiagen BloodAmp Maxi Kit (Qiagen, Valencia, CA) and stored at Ϫ20°C before use.
Clinical Characteristics of Subjects
Clinical data were obtained from the referring centers; further, all physicians were asked to reevaluate the diagnosis of PBC and complete a comprehensive form describing the history and clinical data of each subject. Briefly, 2 of 3 conditions (elevated serum alkaline phosphatase level for longer than 6 months, positivy for serum AMA, or diagnosis by histology) had to be fulfilled to confirm the diagnosis of PBC. Biochemical, serologic, histologic, and ultrasonographic characteristics of patients at the time of blood sampling were also required. Other autoimmune conditions were rigorously evaluated by physicians in each case.
Determination of Zygosity
The zygosity of 8 twin pairs referred as identical was verified by DNA typing of 2 highly variable HLA class II regions and 5 short tandem repeats (STRs) localized on different chromosomes (listed in Table 2 ). HLA typing was performed at the University of Texas Southwestern in Dallas using a sequence-specific primer molecular method to identify DRB1 alleles present at an intermediate resolution level. 10 The presence of DRB3 (DR52), DRB4 (DR53), and DRB5 (DR51) was also determined to be positive or negative. The analysis of STR polymorphisms was performed at the University of California at Davis. In both cases, researchers were blind with Figure 1 shows the visual results obtained with one set of primers (STR D22S683).
CR in MZ and DZ Twins
Two types of CR for PBC were assessed for MZ and DZ twins. Pairwise CRs were estimated as described by Emery 11 and MacGregor 12 (Pairwise CR ϭ Number of Concordant Pairs/Number of Total Pairs). This CR simply provides the proportion of affected pairs concordant for the disease. To estimate the risk for a twin to be affected given that his or her cotwin has been diagnosed with PBC, we also calculated the proband-wise CR as follows: Proband-wise CR ϭ 2ϫ the Number of Concordant Pairs/(2ϫ the Number of Concordant Pairs ϩ the Number of Discordant Pairs).
Results
Diagnosis of PBC and Determination of Zygosity
Based on internationally accepted criteria, 1, 9 we confirmed the diagnosis in 21 of 21 patients previously diagnosed with PBC by their referring physicians. In the remaining 11 of 11 individuals, we confirmed the absence of PBC, once again as noted by their referring physicians. No doubtful diagnosis of PBC (i.e., only one criterion fulfilled) was encountered. Results obtained by genetic analysis (combining HLA and STR independent typings) confirmed the monozygosity of the 8 twin pairs referred as identical. In our series, therefore, 8 MZ (all female; age range, 38 -77 years) and 8 DZ (4 female and 4 male-female pairs; overall age range, 31-60 years) twin sets were found.
PBC in MZ and DZ Twin Sets
Among MZ twins (Table 3) , PBC was diagnosed in both individuals within 5 pairs of twins; the other 3 sets were discordant for the disease, thus leading to a pairwise CR of 0.63 and a proband-wise CR of 0.77. When the 8 pairs of DZ twins were analyzed, none of them presented concordance for occurrence of PBC, leading to null pairwise CR and proband-wise CR.
In 3 of the 5 concordant MZ twin pairs (Table 4 , sets 3-5), there were no significant differences in serology, disease stage, or accompanying symptomatology. The age at onset of PBC was similar in 4 of 5 sets of twins; in only one case (set 5), the 2 sisters were diagnosed with PBC within 5 years. In one case (set 2), the twins had significantly different clinical progressions, with one individual (A) presenting signs of stable disease for more than 13 years of follow-up and the other (B) requiring liver transplantation 8 years after the diagnosis of endstage PBC. In another set (set 5), 2 different stages of PBC were observed at liver histology. We also note that the duration of follow-up in the 3 discordant DZ twins affected by PBC was between 5 and 12 years; the characteristics of the affected twins are presented in Table 5 . No clear environmental differences could be identified between affected and nonaffected MZ twins.
Discussion
A large number of genetic and epidemiologic studies in PBC suggest a variable prevalence of disease in different geographic areas as well as a significant risk for development of disease in first-degree relatives of an affected subject. 2, 3, 13 In addition, the relatives of affected diseased individuals often develop PBC within a short time of the first case, suggesting environmental influences. 13 A large number of discrete genetic alleles have been studied in PBC, but there has not been definitive evidence of a specific association. Importantly, the strong association of HLA observed in other autoimmune diseases has not been found in PBC, and often the data are either conflicting or restricted to a specific geographic area. 14 -26 Other polymorphisms have been suggested to confer susceptibility or influence progression of PBC, but again these data are either debated, conflicting, or nonconclusive. [27] [28] [29] [30] The frequency of MZ twinning has been relatively constant over the past 5 decades and is estimated to be 4 in 1000 births, whereas DZ rates change over time and are influenced by several factors. 31 We may therefore infer that the 8 MZ twin sets described herein reflect approximately 2000 patients with PBC, an estimate compatible with the 1400 families we identified. Studies comparing the CR between MZ and DZ twins are pow- erful tools to evaluate the role of genetic and environmental factors in determining the susceptibility to diseases that appear as multifactorial. However, it should be emphasized that the immune response depends on somatic mutation and such events are stochastic. In other words, there is evidence that the immune response of identical twins may not be identical, as recently described in multiple sclerosis. 32 Increasing evidence, however, has been provided to challenge the traditional view of MZ twins as being "identical." Such evidence derives from studies on the effects of intrauterine characteristics as well as on epigenetics. Briefly, in the former case, it has been shown that there may be, during an antenatal infection, a differential involvement of twin fetuses. 33 Additionally, twins may be different based on the timing of the division of the fertilized egg into 2 separate embryos and ultimately the sharing of the amniotic sac, or chorionic and placental formation. 33 These specific environmental factors have been shown to be involved in the determination of the phenotype of the fetuses, albeit preserving their identical genome background. Furthermore, epigenetic alterations, indicating differences in the layer of protein and chemicals surrounding the DNA and particularly the sites or levels of DNA methylation, can also interfere with the direct genotype-phenotype correlation. Indeed, epigenetics play a role in cell aging 34 and neoplasia 35 and could lead to the discordance observed between MZ twins. For example, based on the surprising data on the variable expression of the sheep callipyge gene, 36 efforts are now being dedicated to the study of imprinted human genes. Additional factors that might also potentially interfere with the classical model of zygosity in twins are chimerism and mosaicism; these pockets of genetically mismatched cells appear to be relatively frequent in both single and twin births, possibly due to the antenatal sharing of blood supply. 37 A role for chimerism and mosaicism has been suggested in a number of complex diseases, including autoimmune disorders. 38 Similarly, recently suggested acquired haplotype deficiencies of specific chromosomes 39 could also be involved in explaining the discordant cases encountered.
In autoimmune conditions other than PBC (such as systemic lupus erythematosus, type 1 diabetes mellitus, Graves' disease, systemic sclerosis, and rheumatoid arthritis), CRs among MZ twins have been found in crosssectional studies to be generally Ͻ0.50 (Table 1) . Some of these studies, however, showed that CR could often be increased by longer periods of follow-up of unaffected individuals. 40 Our population is the largest group of twins thus far described in PBC. There are, however, several limitations in our data. Firstly, of course, there is potential bias derived from enrollment. We note that this type of recruitment may be responsible for a higher prevalence of females, and that could lead to an overestimation of CR through an overascertainment of concordant pairs. 41, 42 Such biases could be reduced by twin studies based on national or local registries. However, the lack of a reliable register of patients with PBC (as the one recently used for celiac disease 43 ) and of a sensitive 100% reliable noninvasive marker of the disease (5%-15% of patients with PBC lack detectable AMA when tested by indirect immunofluorescence technique 1 ) militate against this approach. Second, we note that longer observation periods will influence CRs; however, we note the long duration of follow-up of the discordant MZ sets described herein and, therefore, the consistent long-standing status of the unaffected twin. Finally, the data described herein show lower CR among MZ twins compared with our earlier abstract, 44 thus emphasizing the necessity of a comprehensive determination of zygosity. For example, one set of twins that was previously believed to be MZ and concordant for PBC turned out to be not twins at all but rather nontwin siblings.
The pairwise and proband-wise CRs for PBC in MZ twins described herein (Table 3) were found to be among the highest observed in cross-sectional twin studies on other autoimmune conditions except celiac disease (Table  1) . This is a consistent finding with the relative risk factor for development of PBC within a family, which was also found to be the highest among autoimmune disease. 13 Moreover, we found that both twins within concordant sets were diagnosed with PBC within a short period of time in all but one set (Table 4) , although this could be due to the increased awareness related to the diagnosis of PBC in the twin presenting earlier signs of disease. It is also interesting to note that the clinical and biochemical characteristics were nearly identical in only 2 of 4 concordant MZ pairs. In one set (Table 4 ; set 2), 2 very different clinical history patterns were encountered. One individual has had a nonprogressing earlystage disease for more than a decade of follow-up, whereas her twin sister underwent orthotopic liver transplantation 8 years after diagnosis of end-stage PBC. No apparent difference in any environmental factor could be identified between the 2 sisters. In another set (set 5), different disease stages were encountered at liver histology, although we emphasize that the liver biopsy specimen showing stage I in patient A was performed 5 years before the histology showing stage II-III was available in patient B. Moreover, 2 slightly different patterns of autoimmunity were noted in another set (Table 4 ; set 1) in which both sisters presented positive AMA as well as antinuclear antibodies. In one case (set 1, A), histologic analysis showed a PBC/autoimmune hepatitis overlap, whereas only PBC was found in the other (set 1, B). We also note that 2 of 5 MZ twin pairs (sets 2 and 4) also presented concordant occurrence of sicca syndrome and hypothyroidism as accompanying conditions. We submit that the relatively small number of observations in this study might account for a type II error, possibly responsible for the lack of clinical difference observed in 2 of 5 concordant sets. In diseases as uncommon as PBC, these data still represent a significant number of patients.
The finding of this high degree of concordance seems to suggest that genetics play a major role in the induction of PBC. The possible confounding role for antenatal factors, 33 epigenetics, 45 or chimerism and mosaicism, 37 as previously discussed, could strengthen this assumption. Our data do not rule out the likelihood that environmental factors serve as a trigger, as observed in celiac disease, that presents a high CR in MZ twins and that shares, like PBC, both genetic and environmental etiologic factors. 46 We suggest that a vigorous study using, for example, inheritance by descent or linkage analysis, is critical to determine the genetic basis of PBC. Nonetheless, the size of the PBC cohort represented by the 8 MZ sets described herein is representative, based on the variable reported prevalence rates of PBC, of approximately 5-100 million general population individuals. We encourage an international effort to develop a database on a larger number of twin sets or representative families with more than one member affected to define the genetic basis of PBC.
